DNA polymerase I (PolI) digested by protease produces a small fragment (SF) containing 5 0 !3 0 exonuclease activity. The 5 0 !3 0 exonuclease activity of polI cleaves the downstream RNA primer strands during DNA replication in vivo. Previous in vitro studies suggested its capability of cleaving duplex from 5 0 terminal and a flap-structure-specific endonuclease activity. From the crystal structures of other nucleases and biochemical data, a two-metal-ion mechanism has been proposed but has not been determined. In this study, we cloned, expressed, and purified the SF protein, and established a novel fluorescence resonance energy transfer (FRET) 
DNA polymerase I (PolI) digested by protease produces a small fragment (SF) containing 5 0 !3 0 exonuclease activity. The 5 0 !3 0 exonuclease activity of polI cleaves the downstream RNA primer strands during DNA replication in vivo. Previous in vitro studies suggested its capability of cleaving duplex from 5 0 terminal and a flap-structure-specific endonuclease activity. From the crystal structures of other nucleases and biochemical data, a two-metal-ion mechanism has been proposed but has not been determined. In this study, we cloned, expressed, and purified the SF protein, and established a novel fluorescence resonance energy transfer (FRET) assay to analyze the catalytic activity of the SF protein. The effects of several metal ions on its catalytic capability were analyzed using this FRET assay. Results showed that Mg 21 , Mn 21 , and Zn 21 were able to activate the cleavage of SF, while Ca 21 , Ni 21 , and Co 21 were not suitable for SF catalysis. The effects of K 1
Introduction
DNA polymerase I (PolI) is a DNA polymerase of Escherichia coli. It is one of the first discovered DNA polymerases. PolI can be digested into two fragments: a 68 kDa large fragment known as Klenow fragment (KF) and a 35 kDa small fragment (SF). The former bears the 5 0 !3 0 polymerase activity and 3 0 !5 0 exonuclease activity and the latter bears only the 5 0 !3 0 exonuclease activity. In vivo, polI can fill up the single strand gap of lagging strand during DNA replication. The 3 0 !5 0 exonuclease activity corrects the mismatched base pairs to guarantee the high replication fidelity and the 5 0 !3 0 exonuclease activity cleaves downstream RNA primer as polymerase proceeds. Besides polI, many prokaryotic polymerases of polI family are also multifunctional enzymes bearing both the polymerase activity and the 5 0 !3 0 exonuclease activity, such as polymerases from Thermus aquaticus (Taq), Thermus thermphilus, Thermus flavus, and phage T5 [1] . Careful examination revealed that their 5 0 !3 0 exonuclease activity is more like an endonuclease dependent on specific structures. Their cleavage sites are located at the junction of an unpaired 5 0 overhang extending from duplex strands which is called flap structure [1] [2] [3] . Thus, they bear not only 5 0 exo but also 5 0 flap-endonuclease activities. This activity also exists in monofunctional proteins, such as T4FEN [4] . Eukaryotic polymerases such as human FEN1 and yeast Rad27 also bear this kind of catalytic characteristic [5] .
The comprehensive structural and biochemical studies on KF and its 3 0 !5 0 exonuclease domain revealed a twometal-ion mechanism. However, study on 5 0 !3 0 exonuclease domain of polI is very limited, and the exact mechanism is still unclear. Without proper crystal structure data, its mechanism can be only postulated by inferring from other structures of similar 5 0 !3 0 exonucleases which share a sequence consensus to some extent [2, 6] . Biochemical studies are also important in revealing the mechanism. Though the DNA substrate structure specificity of 5 0 !3 0 exonuclease of polI has been elucidated, other factors, such as metal ions, have not been systematically explored. Since metal ions, especially divalent metal ions, are essential in nuclease catalysis, this kind of study is important.
For the analysis of catalytic characteristics, a convenient exonuclease assay is necessary. In early biochemical studies on exonuclease activity of polI, radio-labeled substrates and electrophoresis were commonly used. In recent years, fluorescence resonance energy transfer (FRET) has been used in many enzymatic activity analyses, such as polymerases, endonucleases, exonucleases, and ligases [7] [8] [9] [10] [11] . In comparison with traditional enzyme methods, the FRET assay offers the advantage of convenience, real-time analysis, and quantization. In this study, we designed a novel FRET assay to analyze the 5 0 !3 0 exonuclease activity of polI. The duplex substrate was composed of three oligonucleotides, two of which were labeled with a fluorophore and a quencher, respectively. When a stable duplex substrate was formed, the fluorophore and the quencher were so close in distance that no fluorescence signal could be measured. The fluorescence signals are measurable only when the duplex substrate is cleaved by exonucleases. We showed that this assay platform can be used to analyze the nuclease cleavage efficiency quantitatively, conveniently, and effectively. To explore the 5 0 !3 0 exonuclease catalytic mechanism and its application in the subsequent studies, we cloned the SF of polI from E. coli strain, and succeeded in expressing and purifying the SF protein. By using the FRET assay, we systematically analyzed the effects of divalent ions, monovalent ions, and deoxynucleosides triphosphate (dNTP) on the exonuclease activity of SF, and some suggestions for catalytic mechanism were proposed.
Materials and Methods

Materials
Plasmid pET28a and E. coli strain DH5a and BL21 were kept in our laboratory. Oligonucleotides and labeled oligonucleotides were synthesized from Genscript Corporation (Nanjing, China). The stock solutions of oligonucleotides were prepared in a concentration of 100 mM and stored at 2208C.
Reagents
Pfu DNA polymerase, DNA Gel Extraction Kit, and Plasmid Miniprep Kit were purchased from Tiangen Biotech (Beijing, China). Restriction endonucleases EcoRI, HindIII and DNA ligation kit were obtained from TaKaRa (Dalian, China). Ni-NTA column was from GE Healthcare (Buckinghamshire, UK).
Cloning of pET28a-SF SF gene fragment were obtained by polymerase chain reaction (PCR) from E. coli strain DH5a. The sequence of upstream primer was 5 0 -CGGAATTCATGGTTCAGAT CCCCCAAAATC-3 0 containing EcoRI cleavage site. The sequence of downstream primer was 5 0 -GAAAGCTTCGT TGCCGTCACTTCTGGTGCT-3 0 containing HindIII cleavage site. The 985 bp PCR product and pET28a plasmid were both cleaved by EcoRI and HindIII at 378C for 2 h. After gel extraction purification, the digested SF gene fragment and pET28a plasmid were ligated by T4 DNA ligase at 168C overnight and transformed into competent cell DH5a. The transformed DH5a was cultured in Luria-Bertani (LB) plate containing kanamycin (30 mg/ml), and recombinant plasmids were selected by EcoRI and HindIII double digestion after plasmid Miniprep and further confirmed by subsequent DNA sequencing.
Expression and purification of SF Recombinant plasmids of pET28a-SF were transformed into BL21 competent cells. Cells cultured in LB containing kanamycin were induced by 5 mM isopropyl b-D-1-thiogalactopyranoside (IPTG) when OD 600 of cell culture reached 0.6. After continuous incubation for 4 h at 378C, cells were collected by centrifugation. BL21 cells were re-suspended in lysis buffer and lysed by ultrasonication. Cell lysates were centrifuged at 48C. The supernatant was purified by Ni-NTA column following the GE product manual. Briefly, after flow-through of supernatant, the column was washed with 10 volumes of washing buffer and then eluted with 500 mM imidazole. The eluent was dialyzed at 48C, and the protein solution was prepared in 50 mM potassium phosphate buffer, pH 6.5, containing 10 mM b-mercaptoethanol and 50% glycerol, and stored at 2208C. The protein purity was confirmed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Exonuclease reaction and electrophoresis analysis Substrate oligonucleotides (50 nM) were prepared in 10 ml of 10 mM Tris reaction buffer, pH 7.5, containing 7 mM MgCl 2 and 0.1 mM dithiothreitol (DTT). Cleavage reaction was started by adding 0.4 mM SF and then incubated at 378C for 1 h. The reaction was stopped by heating at 608C for 10 min, and then loading buffer (final concentration of 5 mM ethylenediaminetetraacetic acid, 5% glycerol, and 0.005% bromophenol blue) was added. The cleavage products were analyzed using 2% agarose electrophoresis and imaged with UV transilluminator. In brief, electrophoresis was run at 100 voltages in 2% agarose containing GoodView nucleic acid stain (Beijing SBS Corporation, Beijing, China). After electrophoresis, the gel was visualized with UV transilluminator (Tanon 2500R; Gel Image System, Shanghai, China).
FRET analysis of enzymatic cleavage
The substrate of enzyme SF was tri-oligonucleotide (T-ON), which was a duplex composed of three oligonucleotides: template, F-ON, and Q-ON. The template (5 0 -ATACGCA TACCTGTGATATCTGGCTAAAAGCACACGCACGGA-GAC-3 0 ) was 45 nt. The F-ON (FITC-5 0 -TAGCCAGATATC ACAGGTATGCGTAT-3 0 ) was 26 nt with FITC 5 0 -labeled. The Q-ON (5 0 -GTCTCCGTGCGTGTGCT-3 0 -DABCYL) was 17 nt with DABCYL 3 0 -labeled. Three oligonucleotides were mixed at the same concentration of 50 nM in 100 ml of 10 mM Tris buffer, pH 7.5, containing, 10 mM MgCl 2 and 0.1 mM DTT. When stable SF substrate was formed, the fluorescence was quenched to a steady baseline. To guarantee the formation of T-ON, the mixture of template, F-ON and Q-ON was heated at 958C for 5 min and then cooled to room temperature gradually for 2 h. Once SF (at the final concentration of 78 nM) was added into the substrate solution, it started to cleave the substrate and released fluorophore, and resulted in an increase of fluorescence signal (Fig. 1) . In this experiment, fluorescence signals were Effects of cations on small fragment of polI recorded at 378C on Microplate Reader (Infinite M200; Tecan, Morrisville, USA) with excitation wavelength at 480 nm and emission wavelength at 524 nm. The signals were collected with an integration time of 20 ms, and measurements were performed by monitoring the fluorescence emission over 20 min. The relative fluorescence (RF) is calculated by formula: RF ¼ (F t 2 F 0 )/(F 1 2 F 0 ), where F t is the fluorescence intensity at time t; F 0 is the fluorescence baseline intensity before cleavage; F 1 is the fluorescence intensity at the plateau. The initial velocity (V 0 ) is calculated by formula: 
Results
Cloning, expression, and purification of SF Two specific primers were designed to amplify SF gene fragment. Upstream and downstream primers contain EcoRI and HindIII recognition sequence, respectively. The PCR product was expected to be 985 bp. Figure 2A shows that the PCR product is one clear band in agarose gel and the band position is 985 bp that is consistent with the expected size. The purified PCR product was directionally cloned into pET28a through two RE cleavage sites. The positive clones of recombinant plasmids were identified by EcoRI and HindIII double-cleavage. Figure 2B shows that the cleaved products have two bands: one is vector pET28a and the other is the inserted SF gene fragment.
The cut between Thr323 and Val324 of polI gives rise to KF and 5 0 !3 0 exonuclease domain. It was suggested that polI is susceptible to protease cleavage and is unstable. A fragment of polI (residues 1-341 amino acids) is likely to be digested into SFs; however, protein with the first 323 residues is more stable [2] . Consequently, we selected residues from 1 to 323 amino acids as the 5 0 !3 0 exonuclease domain. By IPTG induction, the expression of SF in BL21 was obvious. For the recombinant protein was tagged with hexa-histidine, a Ni-NTA column was used for purification. Most bacterial proteins were removed, and the SF protein was purified as a dominant band in SDS -PAGE (Fig. 2C) . The recombinant SF protein was estimated to be 40.4 kDa, and SDS-PAGE result showed that the purified protein was at the position slightly below the protein marker 43 kDa, confirming the expected molecular weight. The concentration of the purified SF protein was determined to be 3.15 mg/ml (78 mM). Effects of cations on small fragment of polI FRET and electrophoresis analysis of 5 0 !3 0 exonuclease activity of SF The activity of the purified SF protein was tested using T-ON substrate. The substrate duplex of enzyme SF was composed of three oligonucleotides: template, F-ON, and Q-ON. F-ON was labeled with FITC at 5 0 terminal, and Q-ON was labeled with DABCYL at 3 0 terminal. After forming substrate duplex, the FITC at F-ON was quenched by the adjacent DABCYL. When substrate duplex was cleaved by SF, the duplex became unstable and the cleaved oligonucleotide with FITC was released to emit fluorescence signal (Figs. 1 and 3A) . Agarose gel electrophoresis was also used to verify the cleavage of T-ON by SF. The length of T-ON duplex was 45 bp. After incubation with SF at 378C for 1 h, the band of T-ON disappeared (Fig. 3B) , confirming the digestion of T-ON by SF.
Effects of enzyme concentration
By using this FRET assay, we tested the effect of enzyme concentration on the cleavage. At lower enzyme concentrations, the fluorescence signal increased monotonically and slowly, and at higher enzyme concentrations, the fluorescence signal increased rapidly and soon became saturated.
There is a good linear relationship between the fluorescence intensity and the enzyme concentration (Fig. 4) .
Effects of divalent metal ions
Magnesium ions are essential to nuclease cleavage. In this study, the optimal concentration of Mg 2þ was 10 mM. When the concentration diverges from this value, the cleavage efficiency was reduced. No cleavage could take place without Mg 2þ (Fig. 5A,B) . Manganese can replace Mg 2þ in many nucleases and polymerases [12] . Without magnesium, we found manganese can also activate the cleavage activity of SF, though with slow efficiency. The optimal concentration of manganese was 2-10 mM which was similar to that of Mg 2þ . When the concentration was increased to 50 mM, the cleavage efficiency was obviously reduced. In the optimal concentration of Mn 2þ , the initial reaction velocity was 0.04 nM/s, much slower than 0.2 nM/s of Mg 2þ at its optimal concentration (Fig. 5C,D) .
Zinc ion can also activate cleavage activity of SF. Its optimal concentration was 50 mM, much higher than those of Mg 2þ and Mn 2þ . This might be due primarily to a low affinity of SF towards zinc ion. The initial cleavage rate was 0.024 nM/s at the optimal concentration, which was even lower than that of manganese ion (Fig. 5E,F) . Ni 2þ , Ca 2þ , and Co 2þ cannot activate the cleavage activity of SF. The reaction velocities were undetectable at all levels of ion concentrations used (Fig. 6) .
Effects of monovalent metal ions and dNTP
Sodium concentration does influence the cleavage efficiency of Mg 2þ -activated SF. The optimal concentration of Na þ was 100 mM with the initial velocity of 0.5 nM/s. This suggested that Na þ can enhance the cleavage efficiency of SF (Fig. 7A,B) . The optimal concentration of K þ was 100 mM, which was similar to that of Na þ . It was also revealed that K þ was more effective in activating SF cleavage (Fig. 7C,D) . However, dNTP had no effect on the efficiency of SF in this experiment (Fig. 7E,F) . 0 terminals during DNA replication, which serves as the mechanism essential to the DNA replication fidelity. The 5 0 !3 0 exonuclease domain cleaves downstream DNA or RNA primers from 5 0 terminals [13] , resulting in nicks to be ligated [14] , and may be also involved in transition mutation repair [15] . Though these exonucleases cooperate with polymerase activity in DNA replication, they have separated subdomains in enzyme protein and their cleavage activity is not dependent on the polymerization activity. Despite their important role in cell genome replication, they are promising tool enzymes in novel biotechniques and have already been used in some important methods, such as PCR [7, 8, 16, 17] . Hence, exploring their catalytic behavior is extremely important not only for understanding their mechanisms but also for their applications in these techniques. The methods for analyzing nuclease activity are various. Radio-labeled substrates and electrophoresis are traditional methods, but the processes are tedious. The fluorescencebased analytical approaches have advantages of real-time analysis, convenience, and precise quantization, and found more and more applications in various enzyme assays, such as polymerase assays and endonuclease assays [8] [9] [10] [11] [18] [19] [20] . In comparison, only a few fluorescence-based exonuclease activity assays have been developed, and are mainly for kinetic analysis; however, they require special instruments [21] [22] [23] [24] . Though these kinetic analysis present insights of catalytic mechanism, the work is laborious and not suitable for high-throughput screening of enzyme activity. Recently, Effects of cations on small fragment of polI a label-free assay based on pyrosequencing technique has been reported for exonuclease activity analysis [25] . Though no fluorophore is labeled, after cleavage, a pyrosequencing process is needed. The separated nuclease reaction and detection steps prevent it from being a real-time method.
FRET is one of the most commonly used fluorescence techniques for its simplicity and convenience, and has been used in many restriction endonucleases catalysis assays [26, 27] . Here, we present a novel fluorescence detection system for exonuclease assay based on FRET technique. Though it can efficiently detect the nuclease activity of SF, the mechanism may be complex. Because SF has the 5 0 !3 0 exonuclease activity and the 5 0 flap-structure-specific endonuclease activity, which depends on a bifurcate 5 0 overhang from a duplex stem [1, 2, 5] . Whatever, there should be a free 5 0 overhang for cleavage. Although, the fluorescence signal increased rapidly after adding SF, the T-ON cleavage by SF may be contributed to several ways. The substrate duplex bears three 5 0 ends. Theoretically, compared with F-ON's 5 0 end, the 5 0 ends of template and Q-ON are easy to be accessed by SF, because they are located at the terminal of the duplex. F-ON's 5 0 end is labeled with FITC and is neighbored with DABCYL. Though this structure is similar to the perfect structure for 5 0 nuclease cleavage, the accession to the cleavage site might be hampered by the labeling moieties (Fig. 1) . Whether labeling moieties can be recognized as cleavage ends by SF is also unknown. The clarification of SF cleavage mechanism of T-ON needs further study. Though it cannot be sure from which 5 0 end the cleavage occurs, the cleavage from any one of the three 5 0 ends will result in fluorophore release and fluorescence emission. Besides nucleases like SF which has special cleavage behavior, simple exonuclease such as 3 0 !5 0 exonuclease of polI was also tested by this assay, and showed effective detection (data not shown), which suggested the possibility to extend its application to many other nucleases. Moreover, this FRET-based assay can be used not only to identify the activity of exonuclease, but also to characterize factors affecting catalysis quantitatively, such as metal ions and inhibitors. Some exonucleases play important roles in cell function and might become potential cure targets, such as 35dsExo involved in DNA replication and repair processes, thus a convenient method to identify inhibitors of these exonucleases is urgent [28] [29] [30] [31] . Effects of cations on small fragment of polI The 3 0 !5 0 exonuclease activity of polI has been proposed to be of two-metal-ion mechanism [32] . Two catalytically essential metal ions are located at sites A and B of the exonuclease, respectively. Metal ion in site A is pentacoordinate and proposed to activate the attacking water. Metal ion in site B is octahedral and promotes the 3 0 oxygen departure. Considering the same property of phosphoryl transfer reaction and crystal structure data of several 5 0 !3 0 exonucleases [11, [13] [14] [15] , a similar catalytic mechanism should be preferred. However, the two metal ions of several 5 0 nucleases are about twice apart (.8 Å ) of that in the 3 0 !5 0 exonuclease domain of polI (3.9 Å ), which is difficult to be explained by the single two-metal-ion mechanism. Sequence homology analysis of several 5 0 nucleases has revealed conserved residues, most of which are involved in divalent metal binding. Their carboxylic side chains serve as ligands for divalent metal ions which catalyze phosphoryl transfer reaction. Mutagenesis studies of 10 highly conserved carboxylic residues of SF showed that 9 of them are catalytically important [2] .
Divalent metal ions are essential factors of many enzymes. Mg 2þ and Ca 2þ are the two most abundant divalent cations in living organism. Though they both have six ligands in an octahedral configuration, the atomic radius of Ca 2þ (1.9 Å ) is larger than that of Mg 2þ (1.6 Å ). This may prevent SF from using Ca 2þ to form a stable catalytic center. Mg 2þ is mainly involved in nucleic acid enzymes [33] . It has been reported that Mn 2þ tends to decrease the substrate specificity for many polymerases and nucleases when replacing Mg 2þ in the catalytic centers [12] . Zn 2þ can bear either octahedral or tetrahedral configurations. Crystal structures showed that Zn 2þ prefers to bind to site B of 3 0 !5 0 exonuclease of polI [34] . Zn 2þ has also been found in the catalytic center of nuclease P1 and EndoIV [34] [35] [36] . Though Zn 2þ and Mn 2þ were found to activate SF in our study, the catalytic efficiency was much lower than that of Mg 2þ . This might be explained by more stringent coordination geometry of Mg 2þ than that of transition metals such as Mn 2þ and Zn 2þ . Divalent cations Ni 2þ and Co 2þ failed to activate SF in our experiment, although they were used as activators of other enzymes [37, 38] .
The amino acids sequence alignment of 5 0 !3 0 exonucleases of Taq and of polI exhibits 34% similarity [1] , which might suggest a similar two-divalent-metal-ion mechanism. It has been reported that both Mg 2þ and Mn 2þ could could be used, while Co 2þ could not. These results suggested that despite their similarity, the divalent cation preference was different from each other. Enzymes using one-metal-ion mechanism are less stringent in selecting metal ions than enzymes using two-metal-ion mechanism [41] . Many two-divalent metal ions including Ca 2þ and Ni 2þ can be employed in various one-metal mechanism enzymes [19 -21] . From this aspect, the relatively narrow spectrum of divalent cation of SF also suggested two-metal ion rather than one-metal-ion mechanism.
Though not essential to nuclease catalysis as divalent metal ions, monovalent metal ions can also affect the nuclease cleavage efficiency, and their effects are dependent on the substrate structure. In a similar study on the 5 0 !3 0 exonuclease activity of Taq influenced by KCl, the optimal concentration of KCl is 50 mM in the presence of primer, and is 20 mM in the absence of primer [1] . In the current study on SF, the optimal KCl concentration was 100 mM, which was similar to that of NaCl. Higher concentration of monovalent ions greatly reduced cleavage. It was explained by the fact that higher salt concentration can interfere with Mg 2þ binding [42] . Furthermore, the ionic interactions involving the stabilization of the enzyme structure may be also affected by high salt concentration.
dNTPs are required for polymerization activity. In the presence of dNTP, the 3 0 !5 0 exonuclease activity of KF is inhibited [43] . This may be the result of competition of polymerization and cleavage, or the direct inhibition of exonuclease by dNTP. A study showed that 40 mM of dNTP had no effect on the 5 0 -3 0 exonuclease cleavage activity of Taq [1] . In our study, dNTP showed no effect on the cleavage efficiency of SF even at the concentration of 100 mM.
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